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WO L UE, MRS L, FRkmR
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acidic protein : GFAP), A4 Y fbA NIy G T 5
7 % —43% 1 (ionized calcium-binding adapter mole-
cule 1 :Ibal) Z# U CTHERL, HMEAXEND
GABA , ZBRENT 5 ¥ F T ABEDZALIZ OV TH
N7z F72, ZoBLERERT S LENETICOW
T Lz 512, AT~ X BB X 55
FNED Y F T ARB IOV T O E M2, 20X
I BRI & o T, MBI X 2B ME R O R 2 BT
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1. % =&

RUFSETIEHAZ LT HRASH L OVBEA L, £
4-5 8#5 C3H/HeN it~ A 2K~ 7 A#E, KN
KR~ AR, SRR TIFE R AT o 72, fE=ED
R A 12K & L, & TOEBRITHICT - 7.
F7-, - KSOFHBHICERTXS L5127

2. ¥ RER

1) BEEREF VYA (K~ A) O

eI N T Y DR ALS & 5 BRI T T o 72.

ks LoRMAYRL, BEBROMHIZMR. B
EZWAYBRL, KPR 25 Uz, FE & b gt
AW TEREA~OMILZERL, BN VEHV
TO5mmFEEF THMILZILK, Zotk 1x10°HO
NCTC2472 HS AN % & BEPEPIZIEA LR 7 < v
LA THIFLZE IS L 7z

2) ME#E~< 2 DR
X IREE 1L NCTC2472 2SAMBB O 012 & R
AR AR EBHEIEA L.

3) IR~ 7 A DR

M & A EMmofEMZHiYE LT, NCTC2472
BARMEEANI4BEHICHY /A=Y ) a—Ya v A#
MBR-1505R2 % WS 2 & LTV X SIRa % 17
-7,

Nt VREETIC 30ml OE 8 & R L 72 R E B
SR 2 R S LR T~y A 2 FE. R
DHREEL TS L aMill, MEEEIZT207 14
O XME 1 EEG L7z BEORE, MEii~o X i
Waki CHWT, EEHEfE XD IR X 28

W 71w 7 % He TR DAL O AL 2 PREE L 72,

3. &EFE (von Frey &)

EBieT L E% 21 HH T, 74 0 vy # oMok
517z von Frey filament & \WC, BB BRG]
WA 10mnz, ZHICHT 2 k8TEZRLHEG%
e L % 5FAl L 7=

4. BELE

HEAB 2l HEHIDER~Y A %47 % 3~ 100mg/kg &
¥ 7TV 10mg/kg ODWERENB G L 2 EHMMEE T
4% /37 RNV LT IVTE FTROMICHERBZ L, il
ZRM L7z IRz H#IZA S 13— (Microslicer,
D.SK. Japan) ZH\WT450um DHFRA 5 4 AER %
PEB L7, TR L-BHA 9 4 AR S Filnik 2 H
WCIREER G 2 71 v 7 L7z, Anti-NeunN HifE
(Merck Millipore, Darmstadt, Germany) % MW T—&k
PR BSOS % 4T - 72, v T anti-GFAP $i & (MBL,
Nagoya, Japan) & OF anti-Ibal T & (Wako, Osaka,
Japan) Z/EH & SRR RPUERKIGHE Z L, diamino
benzidine & 27566 - *Hegeta #4757z

gttt [BoNYh% CCD A 25 (DP72) #°
BNy A7 2 BEMEE BX53 (Olympus, Tokyo,
Japan) ZHW T L 72,

5. Western blot %

NT v 2RI T ICE RSB R 2 L7z, SEAilia
ERAML-M, BLXUOREMOEREARBZHTL,
HBEOBRRED 3ROV TNy 77 —NTHREFF
A X L7 &HAY Y 7V % sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE ; 10%) BA5kE) L,
polyvinylidene difluoride (PVDF) JIZ#z5 L 7.

PVDF % <7 2 Anti-Ibal $tfk (1 : 2000 : Santa
Cruz Biotech, USA), ~ 7 Z Anti-GFAP $yiifk (1 :
2000 ; Santa Cruz Biotech) ¥ 721¥~ ™7 A a-tubulin
(1:2000; Santa Cruz Biotech) T4 ¥ ¥ 2 ~X— L7
DL, TVHY) T+ A7 75 —EIgG Pifk (Invitrogen,
USA) B X U chemiluminescence ¥ v b (Invitrogen,
USA) 2k o T #ifb L7z, 28>~ FiZ Fluor S Multi-
Imager (Bio-Rad Laboratories, USA) 12 & > THH L,
Image ] freeware (NIH, USA) #HWTERILL 7.

6. U7ILEA LRT-PCR &

AR 21 HHISER~ 7 A L OEREN» RS N7
RUART I 100mg/kg & ¥ TV 10mg/kg
DIERERNB G L 5 &G/ TIC, <7 A0S Z )k
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WEFE~ 7 AR @ n=13,
1 von Frey iR f;H
Mediix 10 MM Z N 2, i U C#fTai 2R L2814 %2, BlEFMUa 4% 1 HH & LTk

%%, MIEH~ A,

* K

12 13 14 15 16 17 18 19 20 21

IR FN~ T ARE ¢ n=24, ®@XFHRRE © n=17

IR~ X, @RI ERT.

FRIEMWEIET VT AR LB~ 7 ARCF L DB THW IR ARELZ RO L% (p<0.05),
H AT~ 7 AR L REICAE R (0<0.05) BALNIZZ E&2RT.

L, izt Lz WL FE7 A v Y2 > (H
AKY— >, Tokyo, Japan) % T KCC2mRNA %
WL Z20t%, V¥ 7I54 =% THEE X
J&#47Vvy, cDNA # &R L72. 2@ cDNA %5 TagMan
probe Z W T KCC2 nFHExER= L, FHliL7:. &
H1L KCC2 »3sHim % GAPDH THE#EAL L, 2748C ik
W&o CTHER L7

7. WRETEEMR

A TORPIT VI + FEFAETRL, JHRFEE O’
121 Student O t g% /2. 72, von Frey ik
BROFFNT 1213 —JC B 58 #T ik (one-way analysis of
variance : one-way ANOVA) # H v, FHEMKRE L
Tukey DZ EIWKMEE T 7. Mt AEEKE LD
<0.05 & L7-.

w 3
1. von Frey :5&
112 von Frey REROMRZ /RS, AR OARMH]

BUSH§ 2 R BATEN I T OREB T OO b o
2. EABREHEID7THHET, WFhoBIZBWTY

AR E LT, WS AR 3 5 9kl 78) % R
FTEEABEIM L7z, ZOWHMIZEVTEWToRERHIZ
bEBRZIBEO R -7 THHUKE, wiholfics
WS HIBIC R 2 AT E) & RS AT L Cv o
o, ER~ U AT TIE 14 HH F CREEATE o Il Bt
WA LTz, 2 D% O R TE) % 753 [ A
L7z, #AI3HHE T WL X EHEAI~Y AL
ORICAEREITD N2> 7255 16 HHLUKETIX
JEIA~ 7 ATE L IKIRRRAI~ v ABER L O, e~ A
ERTIEBERMIC A E A2 RO 7 (p<0.05). ERHEAI~
AMERBHETIIFEAIGHHEF TIIMAICHEET R
OB, o72hS, A 20 0 H LA CIIMmBER I B A
D7 (RF~ T ABE n=13, EREM~Y A8
n=24, xt## :n=17)

2. EBSFERET

RBGREOM R LK 212", GFAP KU Ibal ®w
FTHIZBWTHER~ 7 AR IRAE & i L Codla
MEMLTBY, T/ A7 AZBWTHEMOTE
HEIEMNOBHELD DML TVE I EIREN
7z.
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2 GFAP X U Ibal 0%yt
A) BxBERE~Y Y 2, B) KR~ Y AO GFAP 273§, C) 3~ Y 2D Ibal 2, D) 13K~ 2D
Ibal TH%. GFAPIbal W bM< Y 22X ) B~ 7 ZAD N FREBEIHIML Tz, [J—fifk
ZBWTH, BHEOFEEEIRUEOFEEEL ) L VI EATRENT VS,

3. Western blot i

312 Western blot #ED#iR%ZR"9. Western blot
FZBWTYH, BREAICB TR~ Y AR X REE
ZHB LT, GFAPORIEEMMPRD bz (P<
0.05). (B~ A n=3, *WH n=3). A
Ibal I W T HFHMBEMICBI 2 BBEAHIML T
72 (P<0.05). (K~ A#E :n=4, }EH n=4)

4. Y7324 LRT-PCR %

JT7IVE A ART-PCRIZEDHERZK41TRY. xR
Bl bl L Ok~ ABIEAEICKCC2 @ mRNA 5
HENBA L TnwD 2 AR Ehz (p<0.05). —HT
EIRRRAITETIE KCC2 ® mRNA BB EIXRIEEL, &
YA LOMICAEBEENRD LN (p<0.05). ¥
W~ AR n=12, EHEA~ Y A n=12, N
#:n=12)

z =

Von Frey lBE O R L D 16 HH LB IZ B W T,
NCTC2472 B AMNBIEAIZ & BB AR IEAE L
TwapZll, XHBOBEIEHEMEZ DL TS
ZEERLTWELEEZLND., ZhE, BEE~Y A
ETFNITBV T ADHFHIAE > TERIGRENTRET 5 &
THRERDOEE E—FHLTWVB Y,

LSEIOMZETIE, EEIC L 2B MEICIE, BHi%mER
J& KCC2 3831k A L, Ibal B X O GFAP 31338
LTwbZ k%R LA 512, BWofreiBigZok
A, DA & AL 72 RBEE A~ X BN 2 O
P L 2B RIS L, X RIS X 2L, TS 8
4 HHIZIIBIZ S, ZO%4EMICH72o TR L 72
(Data not shown). X &2 X BBt~ T, KCC2,
Ibal B L U GFAP L NI IEHR L XD nWiz,

SROMEIHCZ0 L F U X #o—mRE2s, JE
P X B EMWIHICN L CRERIRERT I LIL, BiE
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BIZBWTTTIZASRTWAYW, $7-, BRIEIC
BWTC, MU XHO—NBEIBRARERT LD
%ﬂ %h—(‘l‘62~4'15'16).

LEOFZETIE, XMICE 28T, BE%4HBEIC
I Blg s . IR 4 HEWCE, KBS IR
LM oORESIEIHERELEBILE RS Lo/
(Data not shown). Z® & ) IZEEHLO K E X 0ms
EEDLTICREIEONL Z LI TTICHESINTE
D, X MRIEEHNC X 2 it AT 22 2 BB B O 2 X
HHLDTREBENVWI EZEIRL T3 61T,

BRBEARBICBWT, KHEERO Y F 7 A EEIR
GABA , 8% G Uk A M EMEZ BRI L -
THE SN TWA., GABA, ZHKIIZ 054 FA4 4+~
EBEDOD DA F RZRETH DY, AEFSELT
TlX, GABA, ZHEDOWEMALIZZ 0T 4 KA 4+ L O
AZFIERIT. TOFKR, EEMIIHESBEOZ/LE
R, MRS O WA ARG T 5 1.

GABA , ZE KO GEHAL BRI O/ H 2 7R3 A,
HEEOEAZ R T2E, MlaEEZNTH7054 B4
T OWEERARIKELTWS., 2054 B4+ ok
EAEIE, BAt -7 u54 FigkRkThsF- b
L=-H ) h-ruF 4 FEEE%AT (Na*-K-2Cl”
cotransporterl : NKCC1) & KCC2 OHEBEITAKA L T
W30 NKCClidZ a5 4 A 4 ¥ &M
L, KCC2iZ2zu g4 FAF v 2%y 5.
NKCC1 & KCC2 D¥fg DN » 2D sy 7 o
FARA T VIBEO FREZRI L, RE, kb sk
i, HREEG 2 & DRk A 2 PHC R E O S RE IS B 53
2% AE O/ TR S 7z KCC2 DI BLRA 2%,
HND 7B T4 R4+ VigEDO FAEZREI L, Z0OHK
R L LTGABA, ZHBKRENT 2 F T ABIHOMIRTE
WA TN S 7 b5 2 LS L 5 EMRwD
FRIEWFCTH LI EHRBEINDS.

LS oifzecid, EEIC X 550> Tlbal ®
FEABWIML Tz, 2hiud, 4 7 a7 7HEHE%A
LTWAZEFE®T L. BEHEELSEOMEEICE> TF
BiNO~ A 707 7 0GHA LT 5 2 L33 TIicHi &
NTwap®, it L7z~4 27 a2 755 BDNF 2%
B &N 55, BDNF 12 & T TrkB &K E AL
L, ZOfE, KCC2 Bl shz?. Zhbo
RO LIPS 2T, BEBE TV X DX
HMIZB W, Ibal b X OGFAPFH 28 £ 5 L,
KCC2 3B A L7z, 2D k) Rz B oZ b X
D, HHEBAEEO GABA EEITEIIHISKES L T\ b
ZENREINS.

Lo X BB EERTIE, HBAT~O R 2R

BRI RE R Lz, S50, X BB X
BEEANESEHOKR E 2 DWAEEDLTICAONLZ L
G XN TV WD = Z 23 X MASRAE X 7 4
I— % —VEA L Chsl R 2 B3 A etk 2 mme L
TwWaY, otk & LT, XSS 2K % R
NOMFRAZEDE B 5 I EWH ZHROFI L v
DEALZRIT I ENEZONL 2. SE O,
COWHEMZZRH LTS, Thbb, XHEEICE
THEIC X 2R oOBm»SE SN, Ibal GFAPKCC2
DREBLANVHEFHLANNVICE S22 HbNR5.

w

SEOWZERERIE, 7074 N4 v OEFEEoRE
2 & o THUMBMEEORENE S T 7 ZREABLIIH] 5
B EDIEBHNC X AW ORIERF DL % L L H—i
B LTWAIERZRIBLTVS, E5I2, HBEAE
OXBRIFIZE 2HERL LB OL R L b —HBI,
ra 74 M4 oEEENEIHLEHBARED Y+
T ARSI ET 522 LIk o Th b b L #
AbNb, LALEhs, HBAERII~O X #RS
PHBHRANDO Z O X ) 2 L2 ERT HHFITonT
1, BIEO L AR TH 5.

&t ¥ KHf22 12 Dokkyo Medical University,
Young Investigator Award 2013 OBk %2723 D
Thb.

a2 H12H720, RIFTEE FCRkE O THRER -
7o R R A A B (CEARTE ) BE oA —RIZ
L LEHPL ETFET.

X &

1) Foley KM : Advances in cancer pain. Arch Neurol
56 : 413-417, 1999.

2) Honore P, Rogers SD, Schwei MJ, Salak-Johnson JL,
Luger NM, Sabino MC, Clohisy DR, Mantyh PW :
Murine models of inflammatory, neuropathic and can-
cer pain each generates a unique set of neurochemi-
cal changes in the spinal cord and sensory neurons.
Neuroscience 98 : 585-598, 2000.

3) Kahle KT, Staley KJ, Nahed BV, Gamba G, Hebert
SC, Lifton RP, Mount DB : Roles of the cation-chlo-
ride cotransporters in neurological disease. Nat Clin
Pract Neurol 4 : 490-503, 2008.

4) Willis WD, Coggeshall RE : Sensory Mechanisms of
the Spinal Cord, Kluwer Academic/Plenum Publish-
ers. New York, 2004.



43(1) (2016)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

BB OISR 65

Poulsen HS, Nielsen OS, Klee M, Rorth M : Palliative
irradiation of bone metastases. Cancer Treat Rev
16 : 41-48, 1989.

Hoskin PJ : Radiotherapy for bone pain. Pain 63 :
137-139, 1995.

Steenland E, Leer JW, van Houwelingen H, Post W],
van den Hout WB, Kievit J, de Haes H, Martijn H,
Oei B, Vonk E, van der Steen-Banasik E, Wiggen-
raad RG, Hoogenhout J, Warlam-Rodenhuis C, van
Tienhoven G, Wanders R, Pomp ], van Reijn M, van
Mierlo I, Rutten E : The effect of a single fraction
compared to multiple fractions on painful bone
metastases : a global analysis of the Dutch Bone
Metastasis Study. Radiother Oncol 52 :101-109,
1999.

Coull JA, Beggs S, Boudreau D, Boivin D, Tsuda M,
Inoue K, Gravel C, Salter MW, De Koninck Y : BDNF
from microglia causes the shift in neuronal anion gra-
dient underlying neuropathic pain. Nature 438 :
1017-1021, 2005.

Coull JA, Boudreau D, Bachand K, Prescott SA, Nault
F, Sik A, De Koninck P, De Koninck Y : Trans-syn-
aptic shift in anion gradient in spinal lamina I neu-
rons as a mechanism of neuropathic pain. Nature
424 : 938-942, 2003.

Seong J, Park HC, Kim ], Kim U]J, Lee BW : Radia-
tion-induced alteration of pain-related signals in an
animal model with bone invasion from cancer. Ann N
Y Acad Sci 1030 : 179-186, 2004.

Yang Y, Li H, Li TT, Luo H, Gu XY, Lu N, Ji RR,
Zhang YQ : Delayed activation of spinal microglia
contributes to the maintenance of bone cancer pain
in female Wistar rats via P2X7 receptor and IL-18. ]
Neurosci 35 : 7950-7963, 2015.

Schwei MJ, Honore P, Rogers SD, Salak-Johnson ]JL,
Finke MP, Ramnaraine ML, Clohisy DR, Mantyh
PW : Neurochemical and cellular reorganization of
the spinal cord in a murine model of bone cancer
pain. J Neurosci 19 : 10886-10897, 1999.

Mercadante S : Malignant bone pain : pathophysiolo-
gy and treatment. Pain 69 : 1-18, 1997.

Yanagisawa Y, Furue H, Kawamata T, Uta D, Yama-
moto J, Furuse S, Katafuchi T, Imoto K, Iwamoto Y,
Yoshimura M : Bone cancer induces a unique central
sensitization through synaptic changes in a wide area
of the spinal cord. Mol Pain 6 : 38, 2010.

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

Rivera C, Li H, Thomas-Crusells J, Lahtinen H, Vii-
tanen T, Nanobashvili A, Kokaia Z, Airaksinen MS,
Voipio J, Kaila K, Saarma M : BDNF-induced TrkB
activation down-regulates the K*-Cl~ cotransporter
KCC2 and impairs neuronal Cl~ extrusion. J Cell Biol
159 : 747-752, 2002.

Rohrbough J, Spitzer NC : Regulation of intracellular
Cl™ levels by Na'"'-dependent Cl~ cotransport dis-
tinguishes depolarizing from hyperpolarizing GABA ,
receptor-mediated responses in spinal neurons. J
Neurosci 16 : 82-91, 1996.

Price P, Hoskin PJ, Easton D, Austin D, Palmer SG,
Yarnold JR : Prospective randomised trial of single
and multifraction radiotherapy schedules in the treat-
ment of painful bony metastases. Radiother Oncol 6 :
247-255, 1986.

Bonin RP, De Koninck Y : Restoring ionotropic inhibi-
tion as an analgesic strategy. Neurosci Lett 557 :
43-51, 2013.

Ben-Ari Y, Khalilov I, Kahle KT, Cherubini E : The
GABA excitatory/inhibitory shift in brain maturation
and neurological disorders. Neuroscientist 18 : 467-
486, 2012.

Mantyh PW : A mechanism-based understanding of
bone cancer pain. Novartis Found Symp 261 : 194-
214 ; discussion 214-199, 256-161, 2004.

Ferrini F, De Koninck Y : Microglia control neuronal
network excitability via BDNF signalling. Neural
Plast 2013 : 429815, 2013.

Vit JP, Ohara PT, Tien DA, Fike JR, Eikmeier L,
Beitz A, Wilcox GL, Jasmin L : The analgesic effect of
low dose focal irradiation in a mouse model of bone
cancer is associated with spinal changes in neuro-
mediators of nociception. Pain 120 : 188-201, 2006.
Hartsell WF, Scott CB, Bruner DW, Scarantino CW,
Ivker RA, Roach M 3rd, Suh JH, Demas WF, Movsas
B, Petersen IA, Konski AA, Cleeland CS, Janjan NA,
DeSilvio M : Randomized trial of short- versus long-
course radiotherapy for palliation of painful bone
metastases, ] Natl Cancer Inst 97 : 798-804, 2005.
Lozano-Ondoua AN, Wright C, Vardanyan A, King T,
Largent-Milnes TM, Nelson M, Jimenez-Andrade
JM, Mantyh PW, Vanderah TW : A cannabinoid 2
receptor agonist attenuates bone cancer-induced
pain and bone loss. Life Sci 86 : 646-653, 2010.



66 /I

e DJMS

Mechanisms for Metastatic Cancer Pain and its Relief by Radiation : Analysis Using

a Mouse Model of Metastatic Bone Cancer

Shunsaku Kobayashi

Department of Physiology and Biological Information

Many patients with bone cancer experience severe bone
pain. Radiation is one of the most commonly used treat-
ments to relieve this pain. Bone cancer pain is thought to
occur through multiple mechanisms including a neuropath-
ic component. One of possible mechanisms for neuropathic
pain is disturbance of the transmembrane chloride gradi-
ent of spinal superficial dorsal horn (SDH) neurons. In the
present study, we investigated whether this hypothesis is
valid in bone cancer pain. Experiments were performed in
a bone cancer pain model, where NCTC 2472 cancer cells
were inoculated into the femur of C3H/HeN mice. We ana-
lyzed allodynia induced by bone cancer and pain relief fol-
lowing a single fraction of 20-Gy radiation. Bone cancer
pain was associated with a depolarizing shift of the rever-
sal potential of GABA , receptor-mediated currents in the

SDH. These changes were accompanied with the down-

regulation of the potassium chloride cotransporter KCC2
and the up-regulation of microglia marker Ibal and Glial
Gibrillary Acidic Protein (GFAP). Focal irradiation of the
affected femur attenuated bone pain as early as 4 days
after irradiation. Along with pain relief, the GABA, rever-
sal potential and the expression levels of KCC2, Ibla, and
GFAP were restored near to their control levels. The
present findings suggest that disturbance of chloride
homeostasis, which leads to dis-inhibition of excitatory
synaptic transmission in the SDH, may explain bone can-
cer pain, and that rapid pain relief achieved by local irradi-
ation may be attributed to a restoration of disturbed chlo-

ride homeostasis and synaptic inhibition in the SDH.

Key Words : KCC2, GABA, spinal superficial dorsal horn,

bone cancer pain, radiation



